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S-BAND OMNIDIRECTIONAL ANTENNA FOR THE 
SERT-C SATELLITE 
Harold L. Bassett, Jaws W. Cofer, Jr.,  Richard R. Sheppard 
and Michael J. Sinclizir 
Engineering Experiment S t a t i o n  
Georgia I n s t i t u t e  of Technology 
SUMMARY 
This r epor t  d e t a i l s  t h e  program t o  design a n  S-band omnidirect ional  
antenna system f o r  t h e  SERT-C spacecraf t .  The program involved t h e  t a sks  
of antenna analyses  by computer techniques,  scale model r a d i a t i o n  p a t t e r n  
measurements of a number of antenna systems, f u l l - s c a l e  RF measurements, 
and t h e  recommended design, including d e t a i l e d  drawings. A number of 
antenna elements were considered; t h e  cavity-backed s p i r a l ,  q u a d r i f i l a r  
h e l i x ,  and crossed-dipoles were chosen f o r  in-depth s t u d i e s .  The f i n a l  
design consis ted of a two-element a r r a y  of cavity-backed s p i r a l s  mounted 
on opposi te  s i d e s  of the spacecraf t  and fed in-phase through a hybrid junct ion.  
This antenna system meets t h e  coverage requirement of having a gain of a t  
least -10 dBi over 50 pecent of a 477 s t e r a d i a n  sphere with t h e  s o l a r  
panels i n  operation. 
t h e  ground s t a t i o n  has  t h e  c a p a b i l i t y  t o  change polar iza t ion .  
This coverage l e v e l  i s  s i g n i f i c a n t l y  increased i f  
1 
I. INTRODUCTION 
A. Background 
The analyses  and tes t  r e s u l t s  f o r  an S-band omnidirect ional  antenc-1 
system f o r  t h e  SERT-C spacecraf t  are presented i n  t h i s  r epor t .  
spacecraf t  w i l l  provide a p r a c t i c a l  demonstration of t he  use of i o n  engines 
t o  propel  a spacecraf t  from a l o w  parking o r b i t  t o  synchronous o r b i t .  
spacecraf t  w i l l  a l s o  demonstrate p r e c i s e  s t a t i o n  keeping, a t t i t u d e  con- 
t r o l ,  and rendezvous c a p a b i l i t y  a t  synchronous a l t i t u d e .  
The SERT-C 
The 
The spacecraf t  wi l l  be launched from ETR by a McDonnell-Douglas 
Delta 2910 launch vehic‘o and placed i n  a parking o r b i t  of 3150 km a l t i t u d e .  
Af te r  o r i e n t a t i o n ,  t h e  spacecraf t  w i l l  be  separated from t h e  launch vehic le ,  
t h e  s o l a r  a r r a y s  w i l l  be deployed, and a checkout of t h e  s p a r e c r a f t  systems 
w i l l  be performed by means of  te lemetry and command. 
engines w i l l  then be s t a r t e d ,  and t h e  spacecraf t  wi l l  descr ibe a s p i r a l  
ascent  t r a j e c t o r y  u n t i l  synchronous a l t i t u d e  is a t t a i n e d .  
t i o n a l  S-band antenna system w i l l  be u t i l i z e d  f o r  telemetry and command dur- 
i n g  t h e  ascent  period. 
r o t a t e d  u n t i l  t h e  high g a i n  antenna is pointed a t  the  e a r t h ,  and demonstra- 
t i o n s  of a t t i t u d e  con t ro l ,  s t a t i o n  keeping, and rendezvous c a p a b i l i t y  w i l l  
be  performed. 
’ h o  of the 30-cm ion 
The onmidirec- 
A t  synchronous a l t i t u d e ,  the spacecraf t  w i l l  be 
B. Summary of Tasks 
The S-band te lemetry and cormnand antenna used during t h e  ascent s t a g e  
is t h e  subjec t  of t h i s  r epor t .  
through 24 February 1975. The program was divided i n t o  f i v e  tasks .  The 
f i r s t  t a sk  was e n t i t l e d  “Analysis and Preliminary Design,” and w a s  a s i x t y -  
day e f f o r t .  
d i f f e r e n t  type antenna systems and the  s e l e c t i o n  of th ree  candidate omnidirec- 
t i o n a l  antennas f o r  evaluat ion.  Representatives from NASA LeRC and Georgia 
Tech were t o  choose t h e  appropr ia te  antenna system from the th ree  candidates.  
The p a r t i c u l a r  area of c : .>hab i s  was i n  the determination of t he  shadowing 
The work period was from 24 June 1974 
This p a r t i c u l a r  t a s k  centered on t h e  a n a l y s i s  of  a number of 
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of the antenna by the  r o t a t i n g  s o l a r  pane ls .  
formed t o  s h m  the estimated percent coverage of the  antenna system with 
the  s o l a r  panel  shadowing included.  
Calculat ions were t o  be per-  
I n  add i t ion  t o  the  computer analyses  of the antenna system, the advis -  
a b i l i t y  of s c a l e  model t e s t i n g  was determined i n  Task I .  
s c a l i n g  f a c t o r s ,  t es t  f a c i l i t y ,  and test methods were a l s o  presented a t  
the conclusion of t he  i n i t i a l  sixty-day e f f o r t .  Detailed d iscuss ions  of 
the  antenna analyses  and the  scale model f a c t o r s  are presented i n  Sec t ion  
I1 of t h i s  r e p o r t .  
The appropr ia te  
Upon approval of t he  prel iminary design,  the  engineer ing model of t h e  
antenna was t o  be designed. This e f f o r t  was designated Task 11. The 
f i n a l i z a t i o n  of t h i s  p a r t i c u l a r  t a sk  depended on the  r e s u l t s  of Task 1'1, 
"Scale Model Test ing."  The th ree  antenna systems reconanended a t  the  
conclusion of Task I w e e  an  a r r a y  of q u a d r i f i l a r  h e l i c e s ,  an a r r a y  of 
cavity-backed s p i r a l s ,  and an  a r r a y  of crossed-dipoles .  It was recommended 
a t  t he  conclusion of Task I t h a t  s c a l e  model t e s t i n g  on each of 
systems be done p r i o r  t o  choosing the  f i n a l  system. A de ta i l ed  -l . t ission 
of  t he  s c a l e  model t e s t i n g  and r a t i o n a l e  f o r  choosing an  a r r a y  of two cav i ty -  
backed s p i r a l  antennas i s  presented i n  Sec t ion  1 I . C .  
The Task III e f f o r t  was designated as "Fabricat ion of the  Antenna.' ' 
As i t  turned ou t ,  t he  f ab r i ca t ion  e f f o r t  consis ted i n  main of a s c a l e  model 
s a t e l l i t e  and s c a l e  model antennas.  Since the  f i n a l  choice of the  antenna 
system was cavity-backed s p i r a l s ,  i t  was Eelt t h a t  i t  would be cos t - e f f ec t ive  
t o  purchase the antennas.  This  p a r t i c u l a r  task  i s  discussed f u r t h e r  i n  
Sect ion 1 I . E .  The recommended antenna conf igura t ion  i s  presented i n  a 
separate chapter ,  Sect ion 111. 
The t e s t i n g  of the engineering model was done under Task I V .  A s  a 
minimum, t h e  teats  would  include a m p l i t u d e  pa t t e rn  t e s t s ,  po la r i za t ion  t e s t ,  
maximum power gain t e s t ,  input  impedance t e s t ,  and a power handling t e s t .  
The amplitude pa t t e rn  tes ts  were made with the use of a s c a l e  model and 
a r e  discussed i n  Sect ion 1 I . C .  The remainder of the tests were performed on 
a f u l l - s c a l e  model of t h e  SERT-C sa t e l l i t e  anL these  resul ts  a r e  presented 
i n  Sect ion 1 I . D .  
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The f i f t h  t a s k  was designated "Reporting" and th.i s included monthly 
progress  r epor t s  inc luding  f i n a n c i a l  and performance a n a l y s i s  r epor t s .  A 
presen ta t ion  w a s  made a t  the  conclusion of the  sixty-day analys!.s e f f a r t  to 
appropr ia te  personnel a t  NASA J RC. Task V a l s o  included the wr i t i ng  of 
t h i s  f i n a l  r epor t  and a f i n a l  presenta t ion  of  r e s u l t s  a t  NASA LeRC. 
The following i s  a summary o f  t h e  research and development program 
on the  SERT-C S-Band omnidirect ional  antenna system: 
Evaluation of candidate antennas. 
Reduction of candidate  list t o  three  antenna types using a n a l y t i c a l  
techniques and a t radeoff  study. 
Preliminary scale model t e s t i n g  and a recommendation of crossed- 
d ipoles ,  q u a d r i f i l a r  he l i ces ,  or cavity-backed s p i r a l s  based on 
pa t t e rns  alone. 
Scale  model t e s t i n g  i* . t i l i z ing  both the q u a d r i f i l a r  h e l i x  
and cavity-backed s p i r a l  as aptenna elements. The p a t t e r n s  
of two element and four  element i irrays were measured. 
Both r a d i a t i o n  contour p l o t s  and polar  p l o t s  were recorded. 
Performance of VSWR tests. I t  was found t h a t  t he  q u a d r i f i l a r  
h e l i x  waL marginal when consider ing RF design spec i f i ca t ions .  
Thus, t he  cavity-backed s p i r a l  w a s  t he  f i n a l  choice f o r  the  antenna 
element. 
c r a f t  m e t  a l l  spec i f i ca t ions .  
Perform power handling t e s t  on the  two-element s p i r a l  array. 
Two of these  mounted on opposite s i d e s  of t he  space- 
C. Antenna Spec i f ica t ions  
Coverage and Gain 
The antenna s h a l l  provide a minimum g d n  of 10 dB below i s o t r o p i c  
i n  a l l  areas of a 4 n  s t e rad ian  sphere t h a t  a r e  not shadowed by 
the  spacecraf t  body o r  the  s o l a r  arrays. Before the  s o l a r  a r r ays  
are deployed tile coverage of a sphere s h a l l  be a t  l e a s t  65 percen ' .  
After the  s o l a r  a r r ays  are deployed the coverage of a sphere s h a l l  
be a t  least  SO percent.. 
Po la r i za t ion  
The antenna s h a l l  provide r i g h t  hand circular po la r i za t ion  along 
the  pos i t i ve  r o l l  a x i s  during the o r b i t  r a i s i n g  phase of t h e  
mission. 
Frequency Bands 
The command c a r r i e r  frequency w i l l  be 2.069673 GHz. The telemetry 
carrier frequency w i l l  be  2 . 2 4 7 5  GHz. 
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Power 
The antenna sys t em s h a l l  opera te  continuously wi th  a power input  
of 20 w a t t s  at any carrier frequency i n  t h e  telemetry band. 
Antenna Connector 
A s i n g l e  coaxia l  RF connector s h a l l  be used t o  connect t h e  antenna 
t o  the spacecraf t  S-band transpc ider .  This connector s h a l l  be 
e i t h e r  t he  TNC or miniatuze types such as t h e  0% series. 
Impedance 
a. I n  a band o f  20 MHz, centered a t  the  conmand frequency 
spec i f i ed  i n  above paragraph C.3, t h e  antenna s h a l l  have an 
impedance of  50 ohms, a t  a VSKA of 1.5:l or lower. 
In a band of  20 MHz, centered a t  t h e  te lemetry frequency 
spec i f i ed  i n  above paragraph C.3, t he  awenna s h a l l  have an 
impedance of 50 ohms, a t  a VSWR of 1.5:l c r  lower- 
b. 
D. Thermal Spec i f ica t ions  
Louver Constraint  
The north and south faces  of t he  spacecraf t  conta in  locvers  
which act as temperature con t ro l  devices.  These louvered faces 
s h a l l  not be used as antenna mounting sur faces .  
Temp Bra t u r e  Cycle 
P:,e t o  r o t a t i o n  of the  spacecraf t  body about t h e  a x i s  of the  s o l a r  
arrays, the  exposure of the spacecraf t  f aces  to  s o l a r  f l u x  w i l l  
cycle  per iodica l ly .  
hours. 
The minimum period of  t h i s  cycle  w i l l  be 2.5 
The max imum per iod w i l l  be 24 hours. 
Thermal I s o l a t i o n  
The antenna s h a l l  be designed so t h a t  i t  is thermally i s o l a t e d  
from the spacecraf t .  
Ecl ipse Survival  
The antenna s h a l l  be capable of surv iv ing  a 72 minute eclipse 
(no s o l a r  i l lumina t ion)  once per  day. 
Sunlight Survival 
The antenna s h a l l  be capable of surviving exposure t o  f u l l  sun- 
l i g h t  (one s o l a r  constant)  from any angle ,  using a spacecraf t  
blockage f a c t o r  appropr ia te  t o  the  i n s t a l l a t i o n .  
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(6) Solar Array Constraint 
Ibe antenna shall not interfere v i t h  the solar illumination of 
the solar array. 
E. Weight 
"be omidirectional antenna wight goal shall be 3.63 kg (8 pounds) 
or less. 
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T h i s  sec t ion  of the report  is an elaboration of t he  program followed by 
Georgia Tech in the  determination of the S-band omidi rec t iona l  antenna 
design. It includes the candidate antennas, the theore t ica l  mdel ing  of 
certain antenna types located on the  spacecraft ,  the ra t iona le  f o r  the  choice 
of the  final antenna, tbe scale d e l  tes t ing ,  the  full-scale model antenna 
aeasuresmznts, and the mechanical design aspects. 
A. Candidate Antemas 
A number of antexma t y p e s  were evaluated as possible candidates f o r  the  
The elePPent SERT-C spacecraft  omid i r ec t iona l  d i rec t iona l  antenna elements. 
requi remnts  were: 
(1) c i r cu la r  polar izat ion (RHC) 
(2) handle 20 watts CW power 
(3) broadband (2.0 G k  to  2.3 CIZZ) 
(4) lightweight. 
A l i s t i n g  of the  candidate antennas tha t  evolved is: 
s l o t s  in a ground plane 
crossed-dipoles 
quadrif i lar  he l ix  (Volute) [ 1,2,3 1 
wraparound [4] 
loops 
s p i r a l s  
log conical 
monopole arrays 
regular helix.  
Some of these a re  similar type antennas and were categorized as follows 
and fur ther  studied : 
(1) slots and wraparound 
(2 )  crossed-dipoles, monopole arrays,  and loops 
(3) 
(4) s p i r a l  and log conical.  
quadr i f i la r  hel ix  and regular h e l i x  
PRECEDING PAGE BLANK NOT F u  9 
The wraparound antenna types were fe l t  to  be too  complex f o r  t h i s  a p p l i -  
c a t i o n .  
and because considezable success [ 5) has been found v i t h  d i p o l e s ,  i t  w a s  
decided to  consider  t h e  crossed-dipoles  8s one of t h e  t h r e e  candidates .  
The q u a d r i f i l a r  h e l i x  had e x c e l l e n t  p o t e n t i a l  and it was f e l t  t h a t  
it should be given due considerat ion as a n  antenna element. 
backed s p i r a l  antenna had t h e  des i red  element r a d i a t i o n  p a t t e r n  charac te r -  
istics and it  is a broadband device.  Normally, t hese  s p i r a l s  are used i n  
t h e  rece ive  mode only,  but t h e r e  are high power designs a v a i l a b l e .  Since 
t h e s e  t h r e e  element designs when used i n  a n  a r r a y  had t h e  p o t e n t i a l  t o  
meet a l l  t h e  performance requirements,  w e r e  simple i n  design, l ightweight ,  
normally possess c i r c u l a r  p o l a r i z a t i o n  c h a r a c t e r i s t i c s ,  and were a l s o  
simple to model, t h e  crossed-dipoles ,  q u a d r i f i l a r  h e l i x ,  and cavity-backed 
s p i r a l  were chosen f o r  f u r t h e r  evaluat ion.  
Since t h e  s l o t s  and crossed d ipoles  are complementary elements 
The cavi ty-  
The crossed-dipole  a r r a y I  t h e  q u a d r i f i l a r  h e l i x  a r r a y ,  and the cavi ty-  
backed s p i r a l  a r r a y  were presented as candidate antenn-- t o  NASA LeRC a t  
the  sixty-day review meeting. Also presented were the computer computa- 
t i o n s  of  e s t i m t e d  coverage f o r  a number of E: 
These d a t a  a r e  presented i n  Sec t ion  I1 .C, "Theoretical  Modeling". 
nna a r r a y  configurat ions.  
B.  S-Band Antenna Systems 
It seems appropr ia te ,  i n  t h i s  discussion,  t o  consider antenna systems 
i n  general .  I n  p r i n c i p l e ,  i t  i s  impossible t o  achieve i s o t r o p i c  coverage 
f o r  a s i n g l y  polar ized antenna system. 
of d i f f e r e n t  p o l a r i z a t i o n s .  To obta in  an S-band antenna system with near 
i s o t r o p i c  coverage i s  very d i f f i c u l t  for  s t r u c t u r e s  l a r g e  compared t o  t h e  
wavelength. 
s t a t i o n  has polar iza t ion  d i v e r s i t y .  
were mounted on vehic les  whose diameters might be on t h e  order  of  a couple 
of wavelengths. Thus, one or two of these antennas gave exce l len t  ground 
s t a t i o n  coverage with the  exception of nose-on or t a i l - o n  look ang le s .  
t he  TM frequencies were changed t o  S-band, the wavelength decreased by a 
f a c t o r  of t en .  This meant t h a t  two antennas would, i n  general ,  produce 
A n u l l - f r e e  p a t t e r n  w i l l  c o n s i s t  
It i s  poss ib le  t o  obta in  near n u l l - f r e e  coverage i f  t he  ground 
I n  t h e  days of VHF TM systems, antennas 
When 
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scalloped p a t t e r n s  i n  t h e  azimuth plane of  a vehic le  with many deep n u l l s .  
These e f f e c t s  are caused by in te r fe rence  and shadowing. Normally, it took 
a n  a r r a y  of S-band antennas t o  provide adequate coverage. 
a number of  t hese  a r r a y  designs i n  the l i t e r a t u r e  [5,6,7]. 
has been t o  extend an antenna away from t h e  s t r u c t u r e  so t h a t  t h e  s t r u c t u r e  
becomes n e g l i g i b l e  [ 8 ] .  
I . tead of t h e  c l o s e l y  spaced multi-element a r r a y  or t h e  extended 
We have seen 
Another approach 
antennas,  a t h e o r e t i c a l  a n a l y s i s  of t h e  two-element ar.d four-element 
a r r a y s  was performed. This approach w a s  taken f o r  t h r e e  reasons: 
(1) only two f aces  o f  t h e  spacecraf t  w s r e  a v a i l a b l e  f o r  mounting 
antennas 
(2) s i m p l i c i t y  and 
(3) weight.  
Many of  t hese  configurat ions are presented i n  Sect ion 1I.C. 
omnidirectional p a t t e r n  i n  t h e  equator ia l  plane was d e s i r e d ,  where n u l l s  
near t h e  poles were acceptable.  
o r  four-element a r r a y  would meet t h e  coverage f a c t o r .  
t h e  percent of t he  t o t a l  space angle ,  4n s t e r a d i a n s ,  f o r  which a c e r t a i n  
gain w i l l  be  exceeded. There is no doubt t h a t  these a r r a y s  w i l l  provide 
much more than adequate coverage i f  the ground s t a t i o n  u t i l i z e s  
polar iza t ion  d i v e r s i t y .  
A near-  
It w a s  a n t i c i p a t e d  t h a t  e i t h e r  a two-element 
This f a c t o r  i n d i c a t e s  
There i s  good reasoning f o r  consider ing t h e  two-element and four-  
element a r r a y s  based on t h e  experiences o f  o t h e r  spacecraf t  antenna 
sy2tens. Two excerp ts  from t h e  l i t e r a t u r e  are included as Appendix I 
of t h i s  r e p o r t .  
These excerpts  are t y p i c a l  of comments t h a t  were folmd i n  most of the 
l i t e r a t u r e .  
comunica t ions  systems which requi re  near-omnidirectional antenna coverage 
r e l y  in main on e i t h e r  t he  space and/or p o l a r i z a t i o n  d i v e r s i t y  of t h e  
2round s t a t i o n s .  
become more popular s i n c e  systems engineers have become more f ami l i a r  
with t h e  propagation C h a r a c t e r i s t i c s  of t h e  e a r t h ' s  atmosphere. 
c h a r a c t e r i s t i c s  t h a t  cause an apparent a t t e n u a t i o n  of s i g n a l  are: 
atmospheric water vapor, clouds and fog, r a i n f a l l  and h a i l ,  r e f r a c t i o n ,  
I n  general ,  t he  majori ty  of t he  pas t  and current  spacecraf t  
The aspect  of space and/or po lar iza t ion  d i v e r s i t y  has 
Typical 
11 
r e f l e c t i o n  and s c a t t e r i n g ,  decor re la t ion ,  po la r i za t ion  r o t a t i o n ,  and Doppler 
frequency s h i f t .  These are a l l  frequency dependent and, fo r tuna te ly ,  
S-Band systems are not  a f f ec t ed  as much as systems i n  o ther  frequency bands. 
These e f f e c t s ,  coupled with both the  deep n u l l s  i n  the  spacecraf t  antenna 
p a t t e r n  coverage and t h e  changes of po la r i za t ion  of t he  spacecraf t  antenna 
with r e spec t  t o  a spec t  angle ,  r equ i r e  t h a t  ground s t a t i o n s  possess ,  a t  
least ,  po la r i za t ion  d i v e r s i t y .  
C. T h e o x t i c a l  Modeling 
I n  order  to eva lua te  the  performance of an antenna system such as 
t h a t  required f o r  t he  present  s a t e l l i t e  app l i ca t ion ,  the  percentage of  a 
4rr s t e rad ian  sphere over which the  ga in  l e v e l  is g rea t e r  than o r  equal  
t o  a spec i f i ed  l e v e l  must be known. 
d i s t r i b u t i o n  f o r  an  unknown antenna system i s  shown i n  Figure 1. I n  t h i s  
p lo t ,  the  percentage of t he  sphere over which the  gain l e v e l  i s  less than 
the  power l eve l  shown (absc issa)  is  p lo t t ed  as a funct ion of the  absc i s sa .  
This  type of p l o t  resembles i n  form the  f ami l i a r  p robab i l i t y  d i s t r i b u t i o n  
func t ion .  For example i n  Figure 1, one can t e l l  t h a t  the  peak of t he  power 
p a t t e r n  has  a ga in  of +5 dBi, s ince  the  ga in  i s  less than (or equal)  to 
t h i s  va lue  100% of the  time. Likewise, the  ga in  is  less than -1.7 dBi 
over 35% of the sphere,  o r  i n  the  contex t  of  t h i s  app l i ca t ion  i s  g r e a t e r  
tha? o r  equal  to -1.7 dBi over 65% (100%-35%) of ;.n a r b i t r a r y  f a r - f  i e l d  
spher ica l  sur face .  Thus, the  t o t a l  e l e c t r i c  f i e l d  (and the re fo re  the 
power p a t t e r n )  must be ca lcu la ted  (o r  measured) as a vector  sumnation of 
t he  cont r ibu t ions  from a l l  r a d i a t i n g  s t r u c t u r e s  i n  the  system f o r  a l a rge  
number of po in ts  (R, 0, @) on an a r b i t r a r y  f a r - f i e ld  sphere.  The poin ts  
are then t rea ted  as samples from a random process  and a p robab i l i t y  
d i s t r i b u t i o n  found. It i s  important t o  note  t h a t  the number of sphe r i ca l  
po in ts  having a given gain leve l  a r e  not  merely counted but the a reas  
( i . e . ,  R 
A t y p i c a l  p l o t  of one such power 
2 s in0  A 8  A@) having a given gain are sunnned. 
Several  techniques a r e  a v a i l a b l e  fo r  ca l cu la t ion  of the  f a r - f i e l d  
p a t t e r n  depending on t h e  p a r t i c u l a r  geometry involved andlor the  l e v e l  
Gf r igo r  deemed necessary.  Three such techniques comnonly used are the 
geometrical  theory of d i f f r a c t i o n  (GTD), moment methods, and s c a l a r  a r r a y  
ca l cu la t ions .  
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The method of GTD is use fu l  when i t  is des i r ed  t o  c a l c u l a t e  the  f i e l d  
i n  a shadow region behind an obs tac le .  For t h i s  p a r t i c u l a r  app l i ca t ion ,  
t h e  electric f i e l d  i n t e n s i t y  i n  t h e  f a r - f i e l d  of the  vehic le  may be ca l -  
cu la ted  t h e o r e t i c a l l y  (using GTD) from t h e  equat ion 
where - 
An(e,@) = t he  r a d i a t i o n  p a t t e r n  ( including po la r i za t ion )  of t h e  
n th  element, 
N = t o t a l  number of elements,  
B = propagation constant ,  
(Xin, Yin, Zin) = coordinates  of element l oca t ion  on veh ic l e ,  
(X,, Y2,  Z2) = coordinates  of f a r - f i e ld  poin t  
= CRo sin 8 cos 4,  Ro s i n  e s i n  4 ,  Ro cos e), 
Bm(e,@) = the  f i e l d  s c a t t e r e d  by the  edges of t h e  box-shaped 
- 
vehic le  i n  the d i r e c t i o n  €I,@, 
= J(X, - Urn) 2 + (Y2 - Vm) 2 + (Z2 - Wm' 2 
'm 
(Urn, Vm, Wm) = coordinates  of the  mth edge point  from which 
sca t t e red  f i e l d s  o r i g i n a t e ,  
M = t o t a l  number of edge s c a t t e r i n g  poin ts .  
In  antenna systems having highly d i r e c t i v e  elements o r  very few obs tac les  i n  
the  near v i c i n i t y ,  t he  second p a r t  of Equation (1) containing the  s c a t t e r e d  
f i e l d s  can be ignored. Scat tered f i e l d s  arise when a ray leaving the element 
s t r i k e s  an edge of t he  veh ic l e  ins tead  of r ad ia t ing  d i r e c t l y  away. 
r a y  then s c a t t e r s  i n t o  a cone of rays  whose cone half-angle  depends on the 
angle  between t h e  edge and the inc ident  ray.  I f  t he  cone from a p a r t i c u l a r  
point  (Urn, Vm, Wm) passes along the  d i r e c t i o n  e,$, t h a t  po in t  is considered 
t o  be a s c a t t e r i n g  poin t  fo r  the d i r e c t i o n  e,@. Therefore,  the number of  
s c a t t e r i n g  po in t s  (M) could be much l a r g e r  o r  much smaller (possibly zero) 
This 
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than the  number of elements (N). Mult iple  s ca t t e red  f i e l d s  ( f ron  one edge 
t o  another and then t o  t h e  f a r - f i e l d )  are considered second order  e f f e c t s  
and usua l ly  are no t  included i n  the  a n a l y s i s .  
The moment method technique takes  i n t o  account the  e f f e c t  of the  vehic le  
by ca l cu la t ing  the  cu r ren t s  which are induced or. its sur face  and the  
rad ia ted  electric f i e l d  corresponding t o  those c u r r e n t s .  
eva lua t ion  of t he  wire r a d i a t i n g  and s c a t t e r i n g  geometries has  been 
formulated by Professors  D. C .  Kuo and B. J.  S t r a i t  of Syracuse Universi ty  
[9]. A l i s t i n g  of t h i s  program was obtained and coded for t he  Univac 
U-1108 computer a t  Georgia Tech. 
with those of Professor  S t r a i t  and i d e n t i c a l  r e s u l t s  were obtained.  
A moment method 
Input  and output  data have been compared 
The moment method computer program opera tes  i n  the  following fashion.  
F i r s t ,  t h e  veh ic l e  i s  consiL;red t o  be made up o f  a l a rge  number of  w i r e  
segments instead of continuous smooth su r faces .  A wire geometry i s  
spec i f ied  i n  terms of the  loca t ion  and s i z e  of the  w i r e  elements.  Next, 
the  mutual impedances between t h e  var ious por t ions  of  t he  wires are c a l -  
culated i n  terms of an  impedance matrix; then the  impedance matrix is i n -  
ver ted  t o  ob ta in  the  admittance matr ix  between the  var ious  por t ions  of t he  
wires. 
des i red  as r a d i a t o r s  (i .e., the antenna elements),  and then t h e  cu r ren t s  
induced i n  these  wire elements as ;re11 as those incuded i n  the  rest of  t h e  
s t r u c t u r e  are ca l cu la t ed .  Using these cu r ren t s  the  f a r - f i e l d  p a t t e r n  
obtained from the composite F t ruc ture  is ca lcu la t ed .  
the  computational technique, the  antennas on the vehic le  are modeled as 
wire r a d i a t o r s  (e .g . ,  an e l e c t r i c a l l y  small loop).  These r a d i a t o r s  are 
placed a t  predetermined po in t s  around the  veh ic l e  and t h e  f a r - f i e l d  p a t t e r n  
from the composite strucLure is ca lcu ia tea .  
Specif ied inpu t  vo l tages  are appl ied t o  those wires which are 
Due t o  the  na ture  of 
The th i rd  and s implest  computational technique, termed the s c a l a r  
method, results when the  po la r i za t ion  of t h e  f a r - f i e l d  p a t t e r n  i s  assumed 
to  be the same as t h a t  of t h e  element, and t h e  s c a t t s r e d  f i e l d  (second term 
i n  Equation (1)) i s  neglected.  This method i s  by f a r  the s implest  t o  
model; however, t he  resul ts  do not  c a r r y  as much c r e d i b i l i t y  as those of t h e  
o ther  t w o  methods. 4, modified vers ion of t h i s  approach was used on t h i s  cont rac t  
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s i n c e  (1, a kncwledge of t h e  lower po r t ion  of t he  gain d i s t r i b u t i o n  was not 
des i r ed  (i .z. ,  lowest s p e c i f i c a t i o n  was f o r  35%), and (2)  t h e  extremely 
l a r g e  s i z e  i n  wavelengths of t he  veh ic l e  would have consumed an excessive 
amount of computer time. A concerted e f f o r t  w a s  made t o  v e r i f y  the  s c a l a r  
ca lcu la t ior i s  by applying the method of moments t o  some of  t h e  antenna con- 
f igu ra t ions .  It became immediately obvious t h a t  the  s o l a r  pane ls  could not 
be handled s i n c e  they requi red  admittance mat r ices  with element numbers 
much g r e a t e r  than t h e  s to rage  capac i ty  of t he  Georgia Tech Univac 1108 com- 
puter.  
t h e  requi red  s to rage  was on the  order  of four t i m e s  t h a t  ava i l ab le .  
w a s  f e l t  t h a t  t o  f u r t h e r  approximate the  veh ic l e  would y i e l d  u n r e a l i s t i c  
r e s u l t s ;  consequently, t h i s  approach was abandoned. The method of GTD is 
a l s o  very t i m e  consuming s i n c e  for each po in t  i n  the  f a r - f i e ld  (e .g . ,  
increments of 1' each i n  0 and Q y i e l d s  64,800 p o i n t s ) ,  a l l  edges of the  
veh ic l e  must be searched i t e r a t i v e l y  t o  determine t h e  o r i g i n ,  phase, and 
amplitude of energy which s c a t t e r s  t o  t h a t  po in t .  Comequently, t he  method 
of moments and GTD were abandoned i n  favor of a scalar method which takes  
i n t o  account t h e  l o s s  of coverage due t o  shadowing by t h e  s o l a r  panels. 
Even with t h e  neglec t ing  of t h e  panels and ha l f  of t he  veh ic l e ,  
It 
This shadowing e f f e c t  w a s  handled by c a l c u l a t i n g  t h e  p a t t e r n  using the  
f i r s t  term of Equation (1) and rep lac ing  the  f i e l d  i n  t h e  shadow region 
by zero. A common shadow region was derived f o r  a l l  elements by p lac ing  
one element on top  ( i . e . ,  l o c a t i o n  of t he  engines) and c a l c u l a t i n g  the  out- 
l i n e  of t he  panels i n  the  e - @  domain. 
Figure 2 .  
A p l o t  of these  p o i n t s  is shown i n  
The contour i s  very nea r ly  approximated by the  equation 
( 2 )  
where the coordinate s y s t e m  used is shown i n  Figure 3 .  
An(, ' ,?)  i n  Equation (1) was assumed t o  vary according t o  the  equation 
The element p a t t e r n  
t h  where (en ,@ spec i fy  t h e  angu la r  po in t ing  d i r e c t i o n  of t he  n element, n 
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Figure 2 .  Rectangular plot of the e - Q domain showing region blocked 
by the solar panels. 
1 7  
30 c m  Ion Engine Surface f - -  
Figure 3 .  Geometry of t h e  SERT-C s a t e l l i t e  used t o  calculate  optical 
blockage (as a functior. of C? and C) by the solar panels for 
an element located at  the origin.  
i8 
and p is a measure of t he  d i r e c t i v i t y  of t he  element p a t t e r n  (e.g., h ighlv 
d i r e c t i v e  f p r  l a r g e  p ) .  
value required t o  cause t h e  element p a t t e r n  t o  decrease by a s p e c i f i e d  
number of dB a t  (0-8,, +4n) e i t h e r  equal t o  ( O o ,  90') or (90°, 0') 
(horizon t ape r )  as t h i s  connotes t h e  type of element used. 
t he  values  of p used t o  c a l c u l a t e  p a t t e r n s  under t h i s  cont rad t  are l i s t e d  
below along with t h e i r  horizon tapers(+ 90' edge. taper '  
One method f o r  choosing p i s  by c a l c u l a t i n g  the 
For example, 
p = 0.00 (0 dB) 
p 0.83 ( -5 dB) 
p 1.66 (-10 dB) 
p f 3.32 (-20 dB) 
Pa t te rns  were ca lcu la ted  f o r  s e v e r a l  combinations of element numbers 
and loca t ions  and with element p a t t e r n s  descr ibed by Equation (3) and the  
values of p above. These p a t t e r n s  are portrayed as three-dimensional 
funct ions (power) of t he  s p h e r i c a l  angles  8 and i .  Such a p l o t  f o r  one 
p a r t i c u l a r  case i s  shown in Figure 4 .  
elements with 5-dB horizon t a p e r s  and loca ted  a t  t h e  top center  edges of 
t h e  s i d e s  no t  containing t h e  s o l a r  panels  [coordinates  = (0 ,21 ,0 )  and 
(0,-27,O)l and point ing along opposi te  d-rections.  The two r e l a t i v e l y  
f l a t  p la teau  regions i n  t h e  p a t t e r n  correspond t o  t h e  poin t ing  d i r e c t i o n s  
of the ind iv idua l  elements where t h a t  element is dominant, while t h e  rap id ly  
f luc tua t ing  areas correspond t o  regions of cance l la t ion  and reinforcement 
by the  two elements. The e f f e c t  of making t h e  elements inore d i r e c t i v e  by 
assigning horizon t ape r s  of 10 and 20 dB may be observed from Figures 5 
and 6,  respect ively.  A more d i r c z t i v e  element broadens t h e  "quiet  region" 
i n  f r o n t  of each element and decreases t h e  i n t e r a c t i o n  region; however, t he  
percent coverage ma) a l s o  decrease due t o  t h e  low power a reas  between the  
peaks. 
This p a r t i c u l a r  cas* is t h a t  of two 
A l a r g e  number of p a t t e r n s  were a l s o  ca lcu la ted  f o r  four-element a r r a y .  
P a i r s  of elements were placed a t  t h e  top corner edges [coordinates  = (19.8, 
27,0), (-19.8,27,0), (-19.8,-27,0), and (19.8,-27,O) inches]  of t he  two 
previously described s i d e s  of t h e  vehicle .  The element poin t ing  d i r e c t i o n s  



were equally spaced i n  4 (i-e., 4 = 4S0, 13S0, 22S0, 31S0), and various 
cabinations of &pointing direct ions such as (4S0, 4S0, 4S0, 4S0), (90". 
SO", SO", goo), (goo, 4s: goo, uO), (120°, 45O,  120 , 45 1, e tc . ,  were 
investigated.  
10-dB horizon tapers is  shown i n  Figure 7 (no solar panel b lochge) .  
e n t i r e  4n spherical  region is one of strong interact ion with l i t t l e  or 
no plateau area present.  The e f f e c t  of increasing the horizon taper to  
20 dB ( s h  i n  Figure 8 )  is to reduce the e l a t n t  3nteraction and to 
produce a corresponding lau power region between the  elePent pointing 
direct ions.  
0 0  
The calculated r e s u l t s  for  such a four-element a r r ay  having 
The 
The e f f e c t  of considering the solar panels (blockage) may be accounted 
for  by neglecting any signal which would pass i n t o  the shadow region of 
Figure 6. This is a worst case assrrpt ion since same of the f i e l d  w i l l  
d i f f r a c t  i n to  this region from the  panel edges. 
blockage on the calculated pat tern of Figure 5 may be observed i n  Figure 9 ,  
where the f i e ld  i n  the subject region has been constrained t o  be zero. 
The percent coverage functions fo r  the blocked and unblocked configurations 
m y  be compared i n  Figure 10. These coverage functions are obtained by 
norPalizing the peak value of t h e  calculated f i e ld  t o  0 dB, grouping 
the spherical  areas which have power  levels  within a given range (e .g., 
-20 dB 2 0.5 dB), adding a calculated d i r ec t iv i ty  to  each leve l  of the 
coverage function and subtracting any known losses .  The ideal  d i r e c t i v i t y  
The e f f e c t  of t h i s  
i s  t h e  r a t i o  of the  maximum radiat ion in tens i ty  (P,,,) t o  t h e  average 
radiation i3 tens i ty  (Pa). 
PJ9,P) 
'a 
D =  
The average in tens i ty  is simply t h e  t o t a l  power radiated (P,) divided by 
the area of t h e  par t icular  spherical  surface being investigate3.  
P i s  then the t o t a l  power contained i n  t h e  
i s  given by 
t 
( 5 )  
calculated pattern P(a,€l) and 
23 
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2 f 2n 
Pt = I P(e ,+)  R s i n e  de d4 . 
0 0  
The d i r e c t i v i t y  expression of Equation (4) then redbces t o  
(7) 
n 2n 
j I P(e ,+ )  s ine  de d+ 
0 0  
For t h e  present  s i t u a t i o n  where P(e,t$) is  known as a d i s c r e t e  set of ca l -  
culated poin ts ,  and de and d+ are non-zero cons*iants, Equation (7) becomes 
A sunamry of c e r t a i n  key coverage l e v e l s  f o r  s eve ra l  of the a r r ays  
inves t iga ted  is given i n  Tables I (no blockage considered) and I1 (blockage). 
The three-dimensional power p a t t e r n s  and coverage func t ions  corresponding 
t o  these cases  are included i n  AppendixII.  
It is apparent from these  two t ab l e s  t h a t  most of the candidates  
appear acceptable  when looking s t r i c t l y  at t h e  coverage numbers. 
f a c t o r s  warrant considerat ion however, when s e l e c t i n g  t h e  optimum antenna 
configurat ion.  For example, four-element arrays have an inherent  G-dB 
power s p l i t t e r  l o s s  while two-element a r r ays  s u f f e r  only a 3-dB loss (ne i the r  
l o s s  is r e f l e c t e d  i n  Tables I andI1 ) .  Also, the  four element a r r ays  pro- 
duced r ad ia t ion  p a t t e r n s  which f luc tua ted  s i g n i f i c a n t l y  (e.g., s e ~  Figure 
7) throughout t he  e n t i r e  range of 8 and e .  Addit ional ly ,  i t  is known from 
the antenua element survey t h a t  t he  candidates which are commensurate with 
5-10 dB horizon tapers (e .&,  q u a d r i f i l a r  he l ix )  are too narrowband t o  
cover both of t he  frequencies  of i n t e r e s t ,  while t he  spiral  with a 10-20 dB 
horizon taper  can handle both frequencies e f f i c i e n t l y .  
drawn from t h i s  t h e o r e t i c a l  modeling sec t ion   re t h a t  two elements are 
probably more des i r ab le  than four  elements, and t h a t  t he  broadhand s p i r a l  can 
provide coverage l e v e l s  almost a s  high as the  narrowband q u a d r i f l l a r .  
Other 
The conclusions thus 
Both 
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Table I 
CAUNLATQ, PERCKUI C O V E W L  LEVELS (US= S c b w  IaiTIiOD) 
FOR DIFFERERT WWERS OF E-S PlACm Ow fllE SERT-C 
SATELLITE. SOLAR PMEL BLOCKACE U S  lsot IWCLoDtD. 
W e r  of 90. Edge e 4 Peak 501. 352 201. 101. 52 
Elemmto T-cr (*) (*I  Dlrectivlty Levcl Lewd Level Level Level 
1 
1 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
4 
1 
2 
4 
4 
10 dB 
20 dB 
10 dB 
20 dB 
10 dB 
10 dB 
10 dB 
10 d0 
20 dB 
(Spirals) 
10 dB 
20 dB 
10 dB 
20 dB 
5 dB 
5 I-  
5 dB 
5 d0 
5 dB 
5 dB 
9 090 
9090 
90 90 
90 270 
9 0 9 0  
90 27) 
45 90 
45 270 
0 90 
0 270 
90 45 
90 135 
90 225 
90 315 
( 5  45 
45 135 
45 225 
45 315 
45 45 
45 135 
45 225 
45 315 
90 45 
45 135 
90 225 
45 315 
90 45 
45 135 
90 225 
45 315 
90 45 
45 135 
120 225 
45 315 
120 45 
45 135 
120 225 
45 315 
90 90 
90 90 
90 270 
90 45 
90 135 
90 225 
90 3lJ 
45 45 
45 135 
45 225 
45 315 
90 45 
b 5  ‘35 
9G -25 
65  315 
120 45 
45 135 
120 225 
45 315 
6.65 
8.99 
3.64 
5.98 
4.81 
8.59 
4.85 
6.02 
5.92 
4.89 
4.58 
4.89 
4.33 
5.32 
6.20 
5.47 
5.18 
-5.3 
-15.0 
-0.4 
-2.7 
-0.7 
-1.9 
-2.6 
-0.8 
-0.6 
-0.5 
-0.6 
-0.9 
-1.5 
-1.1 
-0.8 
-13.8 -- - -- 
-- -- -- - 
-1.9 -4.1 -6 .3 -8.9 
-6.0 -9.0 -14.2 -16.0 
-2.8 
-4.2 
-6.7 
-2.8 
-3.2 
-1.9 
-2.7 
-3.0 
-3.8 
-3.2 
-2.7 
-5.5 -8.7 -11.5 
-8.8 -13.2 -16.3 
-13.7 -21.6 -35.0 
-5.4 -8.4 -11.2 
-7.0 -11.: -15.3 
-4.3 -7.2 -10.0 
-5.8 -9.5 -17.8 
-6.4 -10.4 -14.4 
-7.5 -11.6 -15.5 
-6.1 -9.6 -12.6 
-5.4 -n.5 -11.7 
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Table XI 
CN.CULATED PUCENI C O W E  LmLs (USIN SULM lQTHODf 
FOR DIWEWNT NlMBERS OF e P a m S  PLACED ON THE SUT-C 
SATELLITE. SOUP PAWEL ELOCLACE WAS INCLUDCD. 
- 
&amber of 90. Edge e 6 Peak SO2 352 202 102 52 
e l e n t m  Taper (*) (*) Mrectivity k v e l  kvel Level Level Lave1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
5 dB 
10 dB 
20 dB 
5 dB 
10 dB 
20 dB 
5 dB 
10 dB 
20 dB 
5 dB 
10 dB 
20 dB 
5 dB 
10 dB 
20 iB 
5 dB 
10 dB 
20 dB 
5 d B  
10 dB 
20 dB 
9090 
9 0 9 0  
9 0 9 0  
90 90 
90 270 
90 90 
90 270 
90 90 
90 270 
45 90 
45 270 
45 90 
45 270 
4s 90 
45 270 
90 45 
90 135 
90 225 
90 315 
90 45 
90 135 
90 225 
90 315 
90 45 
90 135 
90 225 
90 315 
45 45 
45 135 
45 225 
45 315 
45 45 
45 135 
45 225 
45 315 
45 45 
45 135 
45 225 
45 315 
90 45 
45 135 
90 225 
45 315 
90 45 
45 135 
90 225 
45 315 
90 45 
45 135 
90 225 
45 315 
120 45 
45 135 
120 22 5  
45 315 
120 45 
45 135 
120 225 
45 315 
120 45 
45 135 
120 225 
45 315 
4.25 
6.39 
6.37 
5.76 
f. 1s 
6.70 
6.25 
5.97 
6.26 
5.49 
4.98 
6.21 
5.22 
5.33 
-0.4 -3.7 - 
-3.8 -9.0 -- 
-1.9 -7.4 - 
-1.6 -5.7 - 
-1.1 -5.7 -- 
-2.2 -7.5 -- 
-2.0 -6.0 -- 
-2.3 -7.5 -- 
-1.9 -6.7 -- 
-1.0 -5.0 - 
-0.9 -5.0 -- 
-1.8 -6.2 -- 
-0.6 -4.6 -- 
-1.2 -5.7 -- 
of these  two candidates  were inves t iga ted  on the  antenna range by recording 
r a d i a t i o n  d i s t r i b u t i o n  p l o t s  and making a dec is ion  based on those r e s u l t s .  
su r  n t s  
Two sets of scale model measurements were made. The f i r s t  set 
consis ted of measurements of t h e  p r i n c i p a l  plane pa t t e rns  only of  the  
t h r e e  recomnended antenna types: crossed-dipole,  q u a d r i f i l a r  h e l i x ,  and 
s p i r a l .  The second set of scale model measurements included the  q u a d r i f i l a r  
h e l i x  and t h e  c a  '.ty-backed s p i r a l  as antenna elements and consis ted of 
complete conica l  p a t t e r n  measurements. 
1. Preliminary Sca le  Model Measurements 
Dimensions of the  scale model of t h e  SWT-C spacecraf t  u t i l i z e d  
i n  t h e  antenna r a d i a t i o n  p a t t e r n  measurements are presented i n  Figure 11. 
The model was scaled by a f a c t o r  of 4.1:l  i n  frequency or 1:4.1 i n  s i z e .  
The appropr ia te  drawings received from NASA LeRC were used i n  determining 
the  dimensions of the  s c a l e  model. 
The prel iminary scale m d e l  p a t t e r n  measurements were performed 
f o r  two reasons: (1) t o  determine i f ,  i n  f a c t ,  t hese  th ree  antenna elements 
had p r inc ipa l  plane r a d i a t i o n  p a t t e r n s  similar to the  r a d i a t i o n  pa t t e rns  
used i n  t h e  t h e o r e t i c a l  model, and (2) t o  determine which of t h e  three 
element types should bc f u r t h e r  evaluated.  
tests it was confirmed t h a t  these  antenna elements did possess similar 
r a d i a t i o n  p a t t e r n  c h a r a c t e r i s t i c s  as w e  had a n t i c i p a t e d ,  and only one 
of t he  three  element types was eliminated as a f u r t h e r  candida&, t h i s  
being the  crossed-dipole element. 
the crossed-dipole  element d e t e r i o r a t e s  t o  l i n e a r  po la r i za t ion  on the  
horizon,  whereas the  q u a d r i f i l a r  h e l i x  and the s p i r a l  elements maintain 
good c i r c u l a r i t y .  
As a result o f  these  
The c i r c u l a r  po la r i za t ion  property of 
As previously stated, the  th ree  antenna types fo r  t h e  prel iminary s c a l e  
model measurement program were the  crossed -dipoles ,  q u a d r i f i l a r  he l tx ,  and 
the cavity-backed s p i r a l .  The p r i n c i p a l  plane r a d i a t i o n  pa t t e rns  of  f i v e  
configurat ions of each antenna type were measured: 
(1) 
(2) 
one element mounted on one s i d e  of the  spacecraf t  and perpendicu- 
lar  t o  the sk in ,  
two elements mounted on opposi te  sides and perpendicular 
t o  the  spacecraf t  sk in ,  
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Figure 11. Scale Model Frame. Dimensions in Inches. 
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(3) 
(4) 
( 5 )  
four elements mounted perpendicular to the  spacecraf t  s k i n  and 
posit ioned a t  ap?roximately the  azimuth angles  o f  4S0, 135', 
225' and 31S0, 
four elements mounted a t  45' with r e s p e c t  t o  t h e  spacecraf t  skin,  
posit ioned as i n  (3) ,  and fac ing  toward t h e  molar a r r a y s  (the 
?alar a r r a y s  were no t  mounted during t h i s  preliminary test 
phase), and 
four antenna elements mounted i n  p a i r s  on opposi te  s i d e s  of  tke 
spacecraf t  near t h e  cen te r  and posit ioned a t  45' with respec t  
to  t h e  sk in .  
Pr inc ipa l  plane r a d i a t i o n  p a t t e r n s  a t  fou r  d i f f e r e n t  p o l a r i z a t i o n s  
( v e r t i c a l ,  hor izonta l ,  LHC and RHC) were measured. 
indicated t h a t  t h e  fou r  q u a d r i f i l a r  elements munted a t  45' with respec t  t o  t h e  
spacecraf t  s k i n  a s  i n  (4) above and t h e  two q u a d r i f i l a r s  mounted as i n  
(2) Laove give t h e  b e s t  p r i n c i p a l  plane coverage. 
cavity-backed s p i r a l s  mounted as i n  (2) above gave adequate coverage. 
q u a d r i f i l a r  element and t h e  cavity-backed s p i r a l  gave c o n s i s t e n t l y  b e t t e r  
pa t te rn  coverage than d i d  the crossed-dipoles .  Based on these  d a t a ,  i t  was 
decided t o  continue measurements on t h e  scale model using the  q u a d r i f i l a r  
element and t h e  cavity-backed s p i r a l .  It was noted during these  measurements 
t h a t  n u l l s  for RHCP tended to  be f i l l e d  i n  when the  polar iza t ion  was 
changed t o  LHCP. Also, the  n u l l s  i n  LHCP pa t t e rns  are located i n  
d i f f e r e n t  s p a t i a l  pos i t ions  than those of  RHCP. 
elements are shown i n  Figure 12. 
These p a t t e r n s  
I n  add i t ion ,  t h e  two 
The 
Photographs of t h e  
2.  Radiation Dis t r ibu t ion  Pa t te rn  Measurements on 1:4.1 S c a l e  
Model SEKTC Spacecraft  
The antenna range a t  Lockheed-Georgia was u t i l i z e d  f o r  f u r t h e r  
pa t te rn  measurements. This range was equipped with the  necessary equipment 
f o r  obtaining r a d i a t i o n  p a t t e r n  contour p l o t s  as t h e  polar  r a d i a t i o n  pa t t e rns  
were being p l o t t e d .  The scale frequency was 9.2 GHz.  The p a t t e r n s  were 
measured u t i l i z i n g  f i r s t  RHC polar iza t ion  and then LHC p o l a r i z a t i o n .  The 
c i r c u l a r i t y  of the i l luminat ing horn i s  presented i n  Figures 13 and 14 .  
Pat tern measurements were performed on t h e  scale model both with and 
without the s o l a r  panels a t t ached .  Tabulated i n  Table IIX are the Gif fe ren t  
configurat ions of antennas and t h e  pa t t e rns  t h a t  were meaeured. 
33 

Figure 13. Circularity plot of RHCP illuminating antenna ( d B ) .  
35 
Figure 14. C i r c u l a r i t y  p l o t  of LHCP i l lumina t ing  antenna (dB).  
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Table I11 
2 spirals C@pouite Sides 
of Spacecraft 
Polar Plots ,  RHC, LEC 
Contour Plots ,  REC 
Ibw 
0" 
45. 
90. 
None 
0. and 45" 
9 0 O  
None 
sur 
same 
s.m 
sae 
Sam 
Principal Plane 
BBC 
2 Quadrlf i lars  Opposite Sides 
of Spacecraft 
Polar Plots ,  BHC, 'LBC 
Contour Plots ,  REC 
Sape - 
4 Spi ra l s  
Pr incipal  Plane 
REC 
45' v i t h  respect 
to spacecraft  ; 
approx. 90" 
separation i n  
a z i u t h  between 
antenna elements 
Polar P lo ts ,  REC 
4 Quadrifilars 
4 Quadrlf i lars  
same Contour Plots, RHC None 
None 45' with respect 
to  spacecraft  ; 
closely spaced 
pa i r s  placed on 
opposite s ides  of 
spacecraft  
Polar P lo ts  
Contour Plots ,  RHC 
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After analyzing a l l  the contour p l o t s  of data  without solar pmls  
it -6 decided that the tuo-element arrap, e i t h e r  cavity-backed s p f r a l s  
o r  quadr i f i la rs ,  gave rufficiemt rad ia t ion  pattem coverage. 
el-nt arrays produced scalloped rad ia t ion  patter- due to  the interference 
betwaea ante- e lmnt f t .  The f i n a l  choice of a n t e n v  type was the  cavity- 
backed s p i r a l  based on bizadwidth and pa t t e rn  coverage requirmts. 
Tbe four- 
'Ibe radiat ion contour p lo t s  that were d e  at the LocLheed-Georgia 
outdoor t m t  ran- are skmm in Figure 15 through Figure 22.  
of the tvo-spiral a r ray  are plot ted i n  Figure 23 f o r  the case of 11y) pancls. 
Corpare t h i s  with Figures 24 and 25 fo r  the  two-spiral a r ray  w i t h  solar 
panels a t  0' and 45O, respect ively.   be contours of tht *'no solar panel'' 
case are much saootber than the contour p l o t s  with so la r  panels. This is 
a l so  observed i n  the polar p l o t s  found i n  Appendix 111. The solar  panels 
cause a scalloping e f f e c t  of the rad ia t ion  pattern,  but  the! overa l l  
caverage leve l  is not decreased llltch by the eolar panels. 
The resu l t s  
The data from Figures 23,  24,  and 25 were fed i n t o  a computer program 
t o  determine actual percentage coveragt fo r  the three cases of the  tuo- 
s p i r a l  arrays with no solar  panels, with solar  panels at Oo, md with 
solar  panels a t  45O. 
that  the gain leve l  is above -10 d B i  for  the worst case with solar panels 
was about 50 percent. This cotnpares with 68 percent with no solar  panels. 
Thus, the solar  panels cause d i f f r ac t ion  e f f e c t s  but do not necessar i ly  
block out la rge  sectors of the antenna rad ia t ion  pattern.  
ac tua l  coverage agrees w e l l  with the predicted Coverage level .  
be pointed out that  t h i s  ac tua l  coverage increases subs tan t ia l ly  i f  the 
ground s t a t i o n  antenna polar izat ion can be changed. 
The calculated probabi l i ty  based on measured data  
This 50 percent 
It should 
The four-element array rad ia t ion  contour p lo t s  of Figures 15 through 
The computer percentage coverage levels  for  the four- 
1 7  are included to show tha t  the deep nu l l s  are =re nUPPer0t-m than for t h e  
two-element array. 
element arrays based only on the theore t ica l  analysis indicated bet ter  
coverage than tgs ac tua l ly  obtained by the  model lslfasursments. 
I it is indicated that  a four-element a r ray  of sp i r a l s  would prov€de a 
65 percent probabi l i ty  of coverage above -10 d B i .  
15, 16 and 17 the area of -10 d B i  coverage i e  small. 
From Table 
As indicated in  Figures 
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A t  t h i s  point it should be noted tha t  the approach taken by Georgia 
Tech on this program was t o  =et the antenna rad ia t ioo  pa t te rn  coverage 
levels with the  simplest spacecraft  antenna system possible. Since the  
c o q u t e r  analysis  ear ly  i n  the  program shoved t h a t  e i t h e r  a two-element or 
f o u r - e l e n t  array would meet the design goals, we f e l t  t h a t  the scale 
model measurements would corroborate this. There are or ien ta t ions  of the  
spacecraft  where deep n u l l s  occur and c m i c a t i o n  would probably be lost  
w i t h  a s ingle  ground s ta t ion .  
be t o t a l l y  los t  i f  mor2 than one ground s t a t i o n  is involved. 
coverage level increases s ign i f icant ly  i f  the  ground s t a t i o n  antenna 
polar izat ion can be changed from RHCP t o  U C P  or t o  e l l i p t i c a l  polar izat ion.  
But is is unlikely tha t  comunications would 
Also the  
The remaining contour p l o t s  are included for  completeness, i.e., a l l  
the  conditions tha t  were run 01: the  pa t t e rn  range have been included. 
maximum gain l eve l s  that are shown on the  four-element s p i r a l  a r ray  pat terns  
correspond t o  an antenna system gain of -3 dBi, whereas the maximum leve l  
on the  tw-element s p i r a l  array contours r e f e r  t o  a gain of 0 dBi. 
The 
The two p lo t s  of Figures 26 and 27 were computed from the sca l e  model 
measurement data. 
s ign i f icant  aarount of the coverage of two quadr i f i l a r  hel ices .  The two- 
element array of spirals was  mt affected as much by the so la r  panels as 
shown i n  Figure 27. 
As indicated i n  Figure 26 the  so l a r  panels block a 
3. Coordinate System 
In the  o r b i t  r a i s ing  phase the  three 30-cm ion thrus te rs  are 
directed w e s t  with the high gain antenna and TV camera directed east. 
face of the  spacecraft  directed toward the ea r th  has the s ing le  8-cm ion 
thruster .  
c r a f t  where ti& 8-cm thrus te r  and the  radar antenna are mounted. With 
respect t o  the  coordinate system (Figure 28) used i n  the sca le  model 
radiat ion pa t te rn  measurements, the spacecraft  look angle toward the 
ear th  a t  an elevation angle of 8 = 90' and an azimuth angle of Q near 
90' (see Figure 23). The S-band antennas are mounted on t h e  spacecraft  
i n  locations where one of the antennas has a low gain beam pointed 
toward the ear th  i n  the o r b i t  ra i s ing  phase. The other antenna is 
pointed i n  the direct ion 8.4 of 90°, 270'. 
The 
The face directed away from the  ea r th  I s  the  s ide  of the space- 
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The th ree  30-cm ion  t h r u s t e r s  of our  scale model were d i r ec t ed  along the 
0 0 = 180 coordinate  i n  t h e  scale model measurements. 
located a t  8, 0 of  90°, (Oo, 180'). 
the  s o l a r  panels  or ien ted  a t  Oo, 45' and 90". 
t i o n  had t h e  panels i n  p a r a l l e l  with the  long dimension of t h e  spacecraf t  
body. 
The solar panels  were 
Sca le  d e l  p a t t e r n s  were run with 
The 0' s o l a r  panel  o r i e n t a -  
See Figure 28 f o r  an explanat ion of coordinate  system. 
4 .  Scale  W e 1  and Antenna Elements 
The scale model was a r e p l i c a  of  t h e  SlgRTC t o  t h e  following 
degree: 
(a) The rec tangular  po r t ion  of t he  satellite was duplicated u t i l i z i n g  
drawings CR635333 and CR635334 provided by NASA LeRC. 
The 30-cm ion  engines located on bottom of  craft were simulated 
by c y l i n d r i c a l  s ec t ions  of t h e  metal (Figures 30 and 39). 
A conica l  metal sec t ion  attachment p l a t e  w a s  included on the  
scale d e l  as indicated i n  Figures  31 and 33. 
The s o l a r  panels were made o f  screen w i r e  and alurainum tub i rg  
(Figure 3 7 ) .  
(b) 
(c) 
(d) 
Shop drawings of t h e  scale model are presented i n  Figures  29 through 
The dimensions noted on t h e  drawings are i n  inches.  41. 
the  scale model are s h a m  i n  Figures  42 and 4 3 .  
p l a t e  and 30-cm ion  e n g i i e  r e p l i c a t i o n  are shown i n  Figure 42. 
Photographs of 
The conica l  a t t a c h r e n t  
The model i s  shown as it was mounted on the  outdoor ran= tower i n  
Figure 4 3 .  
mainly t o  p ro tec t  t h e  gears  i n  the  tower d r i v e  system. 
antenna r ad ia t ion  pa t t e rns  were run with and without wooden supports  t o  
determine adverse e f f e c t s  of supports .  
so small t h a t  it could be neglected.  
Due t o  t h e  wind v e l o c i t y  add i t iona l  d e n  sup! r ts  were used, 
A mmber of 
For tuna te ly  the in t e r f e rence  was 
The scaled antenna elements are shown i n  Figures 1 2  and 44. The 
q u a d r i f i l a r  h e l i x  was wound a t  Georgia Tech. Element pa t t e rns  indicated 
t h a t  the  q u a d r i f i l e r  d id  possess a broad r ad ia t ion  p a t t e r n  and was c i r c u l a r l y  
polar ized .  
length and diameter of the ind iv idua l  el-nts [ 31 . 
element is shown i n  Figure 12 and was constructed from a copper-clad f i b e r  
The c i r c u l a r  po la r i za t ion  c h a r a c t e r i s t i c  was obtained by t h e  
The crossed-dipole  
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Figure 31. Conical Mounting Bracket-Scale Model. 
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I \ DRILL &TAP FOR 
1/4 HEX HEAD 
A1 651 -001 
DWG 0103 
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Figure 32. Sca le  Model Part. 
58 
DRILL CLEARANCE 
HOLES FOR 1&32 \ 
4 PLACES 
73/4 DIA. RC. 
T T 
DRILL CLEARANCE 
HOLES FOR Ilb 
HEX HEAD 
4 ?LACES 
r- 
T B2U32r 
-USE O W 2  
c 
wri: ALUMINUM 
REWD: J 
A1 161 -001 
OW6 D l 0 4  
RRS 1-H 
Figure 33. Scale Model Assembly Drawing. 
59 
1 I I 
t I I 
f 
d 
aJ a 
2 
aJ 
rl 
d 
V 
tl) 
I 
M 
C 
d a 
I c 0 
(Y 
60 
61 
DRILL CLEARANCE 
HOLES FOR 6/16 
BOLTS, 12 PLACES 
- -  
I - 
I 
- I
Y 
I I 
0 0  
DRILL FOR 3/8 BOLTS 
DRILL WITH D1OS 
ON 61/4 B.C. 
4 HOLES 
f 11/4 DIA. SHAFT SLIP FIT TO TUBING, DWG DlW 
win: AL 
REQ'D: 1 
24 
Figure 36. Solar Panel Mounting Bracket, Scale Model. 
62 
r 
rl 
0 
m 
63 
13 In I 
255h 
/I NOTE: DO NOT WELD 
UNTIL AFTER SHEET 
I METAL HAS BEEN 
INSTALLED OH FRMllE W l  
USE 01s 
BOTH SIDES, ALlON HOLES 
USE 2 0111, 3h WALL 
ALUMINUM TUBIWG 
1 3 Y 4  Log6 
I USE 3 4  x 3/4 ALUMINUM 
ANGLE FOR FRAME 
A16514Ol 
Dw6 018) 
RRS 19-7-74 
Figure 38. Scale Model Assembly Drawing w/o 30-cm Ion Engines. 
* n al r i  (d 
0 
03 
I 
C 
0 
4 + 
cd 
.l-4 
03 
al 
c 
4 
; 
C 
0 n 
65 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
J 
I 
A-1651-001 
DYVG D l l l  
RRS 19-1-74 
I 
I3 3/16 1 
26 311 
t - 9 w 4 - - -  
nun: aw ALUMINUM SHEET 
REQ'D: 2 
Figure 40. Scale Model Sidewalls. 
66 
Al651-401 
DWG Dl12 
RRS 10-8-74 
Figure 41. Scale Model Top. 



board and u t i l i z e d  a f l a t  r e f l e c t o r  of copper. Good crossed-dipole 
p a t t e r n ,  impedance, and p o l a r i z a t i o n  c h a r a c t e r i s t i c s  were obtained by 
empirical methods. 
The scale model s p i r a l  antennas were iterne t h a t  were a part of  our 
inventory. The s p i r a l  is shown mounted to t h e  satel l i te  model i n  Figure 
44. 
to 18 GHz. 
T h i s  p a r t i c u l a r  s p i r a l  has  exce l len t  RF c h a r a c t e r i s t i c s  from 8 GHz 
Our scaled operat ing frequency was 9.2 GHz. 
Af te r  tests were completed on t h e  scale model, two s p i r a l s  were 
fabr ica ted  i n  our shop and mounted to  t h e  model. 
a t tached t o  t h e  scale model f o r  demonstration a c t i v i t i e s .  
These antennas w i l l  remain 
5 .  Scale  Model Electrical  Ccnsiderations 
To obtain contour and polar p a t t e r n  p l o t s  of t he  omnidirectional 
a r r a y  which include t h e  e f f e c t s  of  t h e  s o l a r  a r r ay ,  i t  was necessary t o  
model the system. The t h e o r e t i c a l  b a s i s  f o r  t h e  proposed modeling approach 
was based on t h e  p r i n c i p l e  o f  electrodynamic s i m i l i t u d e  developed by 
S t r a t t o n  [ l o ] .  In  free-space,  t h e  p r i n c i p l e  states t h a t  i f  t he  l i n e a r  
dimensions of  a n  antenna and t h e  operat ing wavelength are reduced i n  a 
1:l rat io ,  t h e  bas i c  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t he  antenna remain 
unchanged. I n  sumnary, an appropr ia te  modeling approach i s  the  following 
scal ing:  
1' -.) 1 In 
0 0 
0 
f '  - nf 
0 
1 - f u l l  s c a l e  dimension, n 0 s c a l i n g  
f = frequency 
0 f a c t o r  
0 
conduct ivi ty  
=0 
O:, -. na 
PA Po k0 = complex permeabi l i ty  
0 
e '  - e 
0 0 
= complex p e r m i t t i v i t y  
where t h e  primed values  are the  scaled parameters.  
of t he  f u l l - s c a l e  antenna were scaled down by a f ac to r  n; frequency and CT 
were scalrd up by the f ac to r  n; while c0 and P 
unchanged. 
The physical dimensions 
of t h e  model remained 
0 
The s c a l i n g  f a c t o r  n must be properly chosen i n  order t o  accomoodate 
t h e  fallowing: 
7 1  
* reasonable model dimensions f o r  dupl ica t ing  antenna elexcats 
* 
* p r a c t i c a l  instrumentation and measurement techniques 
A major i n t e n t  of  modeling i s  t o  obta in  a r e p l i c a  of t h e  f u l l - s c a l e  
reasonable model dimensions f o r  r a d i a t i o n  p a t t e r n  measurements 
s i t u a t i o n  i n  a small, manageable form f ac to r .  The model must be amenable 
to r e l a t i v e l y  easy f a b r i c a t i o n  and handling. 
was used, i .e . ,  t h e  s c a l i n g  f a c t o r ,  n, equaled 4 : l .  A scale frequency of 
9.2 GHz allows the  use o f  coaxia l  components and permitted the  scale model 
spacecraf t  with s o l a r  panels t o  be t e s t ed  on t h e  r a d i a t i o n  p a t t e r n  
measurement ranges.  
elementwerecompared with those of a f u l l  s c a l e  antenna element p r i o r  t o  
any a r r a y  t e s t i n g .  
A scale frequency of 9.2 GHz 
The r a d i a t i o n  p a t t e r n s  o f  each s i n g l e  scale model 
E .  F u l l  Scale  Antenna Measurements 
The S-band cavity-backed s p i r a l  antennas were mounted on a f u l l - s c a l e  
model of t h e  SERTC spacecraf t  f o r  VSWR measurements, gain measurements, and 
power handling c a p a b i l i t y  measurements. 
consis ted o f  the rectangular  frame fabricated from aluminum shee t s  (Figure 
45) .  The s o l a r  panels were not  included i n  these  measurements. 
The f u l l - s c a l e  spacecraf t  model 
The two antennas were Transco Products, I n c .  Model 9C1800 high power 
cavity-backed s p i r a l s  mounted on opposi te  f aces  of t h e  spacecraf t  ground 
plane.  The loca t ion  of t he  antennas i s  presented i n  Figure 46. One view 
of t h e  antenna is  shown i n  Figure 47. The antennas were connected through 
equal  length coaxial  cab le s  t o  the  sum por t  of a Technical Research and 
Manufacturing 4-port 0' and 180° hybrid junct ion,  Model HS-506. 
d i f fe rence  po r t  of t h e  hybrid junct ion was terminated with a SO-ohm load.  
The 
1. VSWR and Impedance Measurements 
The impedance and VSWR of t he  antenna system were determined f rm 
d i s c r e r e  frequency r 'asurements from 2 .O GHz t o  2 . 3 5  GHz. The antenna 
system (LWO antennas plus  2 coaxia l  cab le s  and hybrid junction) VSWR i s  
tabulated i n  Table I V  a s  a function of frequency. These da t a  a r e  p lo t ted  
i n  Figure 46. The s p e c i f i c a t i o n  for maximum VSWR was 1 . 5 : l .  As noted i n  
Table IV, t he  antenna system j u s t  does f a l l  within s p e c i f i c a t i o n s .  
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TABLE IV 
VSUB VS. FREQUENCY FOR S-BAND 
CAVITY-BACKED SPIRALS 
Frequency Both Spirals  P l u s  Hybrid Junction Single Spiral 
7syB VSUB 
2.0 
2.35 
2.1 
2.15 
2.2 
2.25 
2.? 
2.35 
~~ 
1.43 
1.4 
1.42 
1.32 
1.23 
1.53 
1.5 
1.52 
1.55 
1.57 
1.6 
1.5 
1.37 
1.64 
1.72 
- 7  
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Iu l iv idua l  antenna measur-nt da ta  indicate  a VSYB greater than 1.5: 1 
mr rost of the frequency range of concern (see Table IV). The 
reduction in VSWR of the tvo is due to the pauer divider  which has 
loss and t o  the interact ion between elerents .  
The iqmiance of the antenna system is plot ted on tbe Smith Chart 
of Figure 49. 
s p i r a l  antennas. It was noted during the scale d e l  rsasurerents that 
the so la r  panels had little, i f  any, e f f ec t  on the VSVR or irpcaance of 
the antenna system. 
This is  a typical  impedance p lo t  for  two parallel-fed 
A block diagram of the hpedance and VSVR aeasurerent equipment is 
Tbe data  of Figure 49 and the data  of Table I V  are shmn in Figure 50. 
the  impedance and VSWR data,  respectively, of the input t o  the four- 
por t  hybrid junction. 
2.  Gain I4essureprents 
The standard gain horn technique [ll] of determining t h e  rrarisa 
gain of the antenna system was used. 
model of the SlBtT-C satellite was illuminated by a c i r cu la r ly  polarized 
source irntenna. 
junction was measured. 
gain horn of known gain vs. frequency charac te r i s t ics .  
a t  the output of the  standard gain horn was noted. 
meamred pwer levels  was  an indication of t he  gain of the  antenna system. 
The system gain i n c l u d i a  the losses i n  the coaxial cables and the four- 
por t  hybrid was measured to  be -3.0 dB with respect t o  a l fnear  isotropic  
rad ia tor .  Since the polar p lo t s  of Appendix I11 and the contour p lo ts  of 
Figures 23 and 24 are for  c i rcu lar  polarization, the maximum gain level 
is 0 dB as indicated i n  t h e  f igures .  
The anten- system of t he  ful l -scale  
The pover level  a t  the output of the four-port hybrid 
The ful l -scale  model was replaced by a standard 
The power leve l  
The difference i n  
3. Power Handling Measurements 
The antenna system was subjected t o  20 watts of CW power a t  a f r e -  
The block quency of 2.47 C-HZ to determine i f  any adverse e f f ec t s  occurred. 
diagram of t h i s  measur.-rtt set-up i s  shown i n  Figure 51. 
P m r  Osci l la tor  was used in generating t h e  RF s igna l .  
A n  AIL High 
The s ignal  from the  
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Figure b9.  Smith Chart Ind ica t ing  Impedance of  S-Band 
Antenna Array. 
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high pouer source vas connected t o  the  input  of the four-port  hybrid and 
the  inc ident  and r e f l e c t e d  powers to  the  hybrid-antenna system were recorded. 
The inc iden t  power w a s  fncreased slowly f r a n  zero power to  20 wat t s .  
The pover handling measurements were p e r f d  with the  antennas 
.r .>ted on t h e  f u l l - s c a l e  d e l  and the sequence was as folloue: 
a b a s u r e d  inc ident  and reflected power of a high power 50 ohm 
termination - CW. 
lJeasured inc ident  and re f l ec t ed  power of a high power 50 ohm 
termination - 30 Wt Pn. 
lleasured i nc iden t  and r e f l ec t ed  pawr of  a s i n g l e  s p i r a l  - CU. 
b .  
c. 
d .  Measured inc ident  and r e f l ec t ed  paver of a single s p i r a l  - 
30 lcHz Fn. 
lkasured inc iden t  and r e f l ec t ed  power of hybrid - 2 e lensn t  
s p i r a l  conf igura t ion  - CW. 
Measured inc iden t  and r e f l ec t ed  power of  hybrid - 2 element 
s p i r a l  conf igura t ion  - 30 kHz Fn. 
e. 
f .  
These d a t a  were p lo t t ed  and are presented i n  Figures  32 through 57 .  
No adverse e f f e c t s  were noted as t h e  power l e v e l  was  increased t o  a t  least 
20 w a t t s .  
designed to  handle much higher  power levels ,  
This  was expected s ince  t h e  hybrid junc t ion  and antennas were 
F . W h a n i c a l  Considerat ions 
The mechanic81 design e f f o r t  w a s  performed to insu re  t h a t  t he  t r a n s ~ ~ i t t ' n g  
s p i r a l  antennas chosen f o r  use on the  SERT-C satellite w i l l  perform properly 
i n  t h e  space environment. The antennas procured f o r  t h i s  purpose meet 
the  microwave performance requirements and surpass  the  envirorarent s p e c i f i -  
ca t ions  of MIL-E-5400. The mounting arrangement f o r  the antennas must 
have the  inherent  c a p a b i l i t y  of  mcetivg the  physical  c o n s t r a i n t s  imposed 
by the  satellite environment with adequate s t r eng th  and without exw:sive 
weight or manufacturing c o s t .  
i n h i b i t  the  t ransmi t t ing  c a p a b i l i t y  of t h e  antennas.  
Of course,  t h e  antenna mount must not  
A cross-sec t iona l  drawing of the  antenna mounting arrangement appears 
i n  Figure 58. This design provides access  t o  the  antennas from the e x t e r i o r  
of the  s a t e l l i t e .  E f fec t ive  e l e c t r i c a l  ? so la t ion  is proviued by use of a 
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CIRCULAR CROSS SECTION 
5 6 7 .  WIRE-LOCK SCREWS 
6 6 8 .  CONICAL LOCKWASWRS 
9 .  RIUETS 
:ii. ANTENNA MOUNT 
FIGURE 58 
SERT-C SPIRAL ANTENNA MOUNT 
1. METEOROID SHIELD 
2 .  SPIhAL ANTENNA 
3.  WALL DOUBLER 
4. KEENSERT 
nylon mounting adapter .  An aluminum w a l l  doubler s t i f f e n s  the  meteoroid 
sh ie ld  i n  the  a rea  of the  a n t t x l s  and provides the  :iecessary attachment 
sur faces .  
The estimated weight of the  antenna end mount are as follows: 
S p i r a l  antenna 0.22? kg (0 .SO l b s  .) 
Mount Adapter (nylon) 0.154 kg (0.34 l b s . )  
Wall Dnubler (aluminum) 0.409 kg (0.90 lbs . )  
Screws ( s t a i n l e s s  s t e e l )  0. ;  A i g  (0.04 lbs . )  
Rivet 8 (a  lun inm)  0.W5 kn (0.91 l b s . )  
Tota l  0.013 kg (1.79 lbs . )  
The twc~ s p i r a l  antermas w i l l  add approximately A 525 kg (3.6 lb s . )  t o  t he  
weight of the satellite. 
kg (0.5 lbs . )  t o  t h e  weight i o r  a t o t a l  system weight of 1.855 kg (4.1 lb s . ) .  
The hybrid junc t ion  ark cabl ing w i l l  add 0.23 
The s t r u c t u r a l  design of satrllise hardware i s  governed by such 
f ac to r s  as acce le ra t ions ,  thermal s t a b i l i t y ,  v ib ra t ions ,  materials, com- 
p a t i b i l i t y ,  and shock. The primary h a d s  experienced by t h e  a1itenr.a are 
the  v ib ra to ry  and s t a t i c  acce le ra t ions  from the  A *  w h i n e :  enpines . 
Secondary loadings arise from etage separa t ing ,  engine acons t i c  pressures  
and maneuvers. 
exceeds 208 and lateral t i  rust r a r e l y  mota than one g peak. Design 
l e v e l s  of 308 and 3g laterally a r e  used. 
t he  amplitude r a r e l y  exceed8 408, or t h e  dura t ion  more than 20 w e c .  
This max-uax comtination almost never O C C U ~ B  [12] .  
The acce le ra t ion  loading provlped by the booster r a r e l y  
Fa- shock, i t  is believed t h a t  
Ta!cing a m x l m \ m n  load of 40g the r i v e t s  must s u s t a i n  a fo rce  of 1.79 
The 5/32 diameer r i v e t s  used can withstand a load l b s  x 40g 
of r50 pounds each. 
does not  t r a n s l a t e  or v i b r a t e  independently of thu SWT-C meteoroid st,' A d .  
71.5 fbu. 
Eight r i v e t s  ere used to  ineare  t h a t  t h e  assembly 
Tho, t h e m 1  smimnmenc w e n  by t h e  antenna system o r b i t i n g  about the 
e a r t h  is d e t e r d n o d  miinly by ,..I t h e  d i r e c t  sol. r !*adlation (442 BTU/hr.,k.'); 
(2) the r e f l ec t ed  s o l a r  r ad ia t ion  o r  albedo, of thz e a r t h  (172 BTU/hr.ft 
(3) t h e  emitted r ad ia t ion  of t he  earth (65 BTU/hr.ft-); (4) R.F. heat  
generation within t h e  antenme ara ( 5 )  conduction hea& t ranofer  paths  i o  
the  satell i te [ 131. The z e l a t l v e  magnitude of the  var ious hea t  t r ans fe r  
7 
2 
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mechanisms determines the cyc l ic  temperature var ia t ion of the antennas. 
For design purposes an extreme range of -2OOOF t o  +200°F is used. 
The f a c t  t ha t  d i f f e ren t  materials expand o r  contract  a t  d i f f e ren t  
rates o i t h  temperature change w i l l  create problems i n  the antennas and 
the$- xmntings. The s ign i f i can t  material property t o  be considered is  
the coef f ic ien t  of thermal expansion, (r. The coeff ic ient  related expansion 
t o  temperature change by the  relation: 
6 = CULAT, 
where 
6 = thermal expansion (in.) 
a = coef f ic ien t  of thermal expansion (in/rn-OF) 
i = or ig ina l  length (in.) 
0 AT = temperatur2 change ( F). 
For the materials being used 
-5 = 4.5 x 10 
= 12.8 x for  aluminum 
f o r  type 6/6 nylon 
Nylon expands 3-1/2 times as much as aluminum. 
mounting adapter is nylon. 
the antenna diameter  w i l l  decrease t o  
The antenna i s  aluminum, the 
I f  the temperature drops from 70°F t o  -200°F 
-6 3 i n  + 6 = 3 i n  + 12.8 x 10 (3 in.)(-270°F) = 2.99 in .  
For the same temperature change the diameter of the nylon mount w i l l  
decrease to  
3 i n  + 6 = 3 i n .  + 4.5 x loe5 (3 in)(-270°) = 2.96 in .  
There is an interference of 2.99 i n .  - 2.96 i n .  = 0.03 i n .  The hole i n  the 
nylon mount adapter is therefore machined t o  a diameter of 3.030 t o  avoid 
compressive stresses i n  the antenna. For the nylon adapter mounted i n  the 
aluminum wall doubler, the 3.5 in .  diameter requires a hole of 3.014 in .  
for  a temperature rise of 130°F. Likewise the three antenna mounting 
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holes  are machined 0.W i n .  overs ize  t o  avoid bending stresses i n  t h e  
antenna mounting legs. 
The p rope r t i e s  of type 6 / 6  nylon are: 
Dielectric constant ,  60 Hz 4.2  
Tens i l e  s t r eng th  11,800 p s i  
Spec i f i c  g rav i ty  1.14 
S p e c i f i c  hea t  .72 BTU/lb. 
Linear c o e f f i c i e n t  of thermal 
Thermal conduct ivi ty  
Melting poin t  49OoF 
expans ion  4.5 x in/in-OF 
1 . 7  BTU i n /h r  . - f t 2  -OF 
Water absorpt ion,  24 h r .  1.59. 
Prolonged ucposure t o  s o l a r  u l t r a v i o l e t  and X-ray r ad ia t ion  can cause 
embrit t lement,  sof tening,  and changes i n  e l e c t r i c a l  p rope r t i e s  of p l a s t i c s .  
A l s o  t o  be considered are t h e  e f f e c t s  of Van Allen and Solar  Wind proton, 
e l ec t ron ,  and alpha p a r t i c l e  impingement and rocket  exhaust plume contami- 
nants .  Nylon has been recommended f o r  use as machined forms f o r  spacecraf t  
antennas.  It has a rad iac ion  damage threshold of 5 x 10 r a d s .  Its 
u l t r a v i o l e t  and vacuum s t a b i l i t y  is f a i r .  
7 
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111. RECOMMBJDED CCNFIGZlRATION 
The antenna design has been previously described i n  Sec t ion  11; thus  
t h i s  Sec t ion  w i l l  se rve  as a sunmary of  t h e  des ign .  
backed s p i r a l  antennas fed in-phase through a four -por t  hybrid device are 
proposed as t h e  telemetry and comnand antenna system f o r  t h e  SERTC space- 
c r a f t .  
system i s  somewhat higher than des i red  but  i s  t y p i c a l  of s p i r a l  antennas.  
The two-element antenna system provides f i f t y  percent coverage of a 4n 
s t e rad ian  angle  with a ga in  l e v e l  greater than -10 dBi. 
bv having the  ground s t a t i o n  change antenna p o l a r i z a t i o n .  
Two high-power cav i ty -  
This system meets a l l  des ign  s p e c i f i c a t i o n s .  The VSWR o f  t h e  
This can be enhanced 
A photograph of t h e  cavity-backed s p i r a l  antenna i s  presented i n  Figure 
A drawing of t he  nylon mounting s t r u c t u r e  and antenna i s  shown i n  47. 
Figure 58. The antenna is  7.6 cm (3 inches) i n  diameter and weighs 
approximately 8 ounces. 
hybrid junc t ion  i s  approximately 1.855 kg (4.1 l b s )  . 
The weight of t h e  antennas, mounting jackets, and 
Each antenna is placed i n t o  t h e  nylon j acke t  and the  j acke t  i s  mounted 
A c i r c u l a r  ho le  with s u f f i c i e n t  c learance  f o r  the  nylon t o  the  spacec ra f t .  
mounting r i n g  w i l l  need t o  be c u t  i n t o  t h e  satell i te s k i n  ( see  Figure 58) .  
The drawing of t h e  nylon mounting jacke t  i s  shown i n  Figure 59. 
The gain of the  RHC po la r i za t ion  antenna system i s  -3 dB w i t h  r e spec t  
t o  a l i n e a r l y  polarized r a d i a t o r .  
r a d i a t i o n  p a t t e r n s  were presented i n  Figures 19 and 20. For comparison 
observe Figure 22 which i s  a contour p l o t  fo r  t he  two-element q u a d r i f i l a r  
h e l i x  a r r a y .  The coverages a r e  very s imi l a r  fo r  t he  two antenna systems. 
The polar  p l o t s  of t h e  antenna system r a d i a t i o n  p a t t e r n s  are presented i n  
Appendix 111. 
contour p l o t s  i nd ica t e s  deep n u l l s  occurring a t  t he  angles shown i n  Table V. 
Contour p l o t s  of t h e  antenna system 
An ana lys i s  of t h e  polar  p l o t s  and/or the  r a d i a t i o n  p a t t e r n  
A t  f i r s t  glance i t  would seem t h a t  t h i s  is r e l a t i v e l y  poor coverage, 
but i f  you consider the case  of opposite po la r i za t ion ,  LHC, then these  n u l l s  
are f i l l e d  i n  and the  perccnt coverage i s  increaeed s i g n i f i c a n t l y .  Com- 
parisons of t h e  polar  p l o t s  0: Appendix I11 lead t o  t h i s  conclusion. 
The s c a l e  model measured r e s u l t s  compared favorably w i t h  t h e  predicted 
p a t t e r n  data ,  althougb the  s o l a r  panels d i d  shadow the  s i g n a l  more than 
9 3  
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TABLE V 
LOCATION OF NULLS IN PADIATION PATTERNS OF 
TWO-ELEPIENT SPIRAL ARRAY (RHC) 
10 
25 
30 
50 
75 
80 
105 
120 
145 
160 
170 
178 
25 
10, 22 
185 
180 
194, 352 
195, 352 
188, 346 
192, 342 
348 
172, 185 
165, 355 
52, 206 
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ant ic ipa ted  for the  two-element q u a d r i f i l a r  a r r a y .  The panels caused a 
sca l lop ing  e f f e c t  on t h e  r a d i a t i o n  p a t t e r n s .  
i s  a 50 percent  p robab i l i t y  t h a t  the  gain i s  greater than -10 d B i  over a 
4n s t e rad ian  angle  f o r  the  two-element a r r a y  of cavity-backed spirals.  
The antenna element can be painted with a non-tal l ic  pa in t  t h a t  
Based on measured da ta  the re  
w i l l  r e f l e c t  a major por t ion  of t h e  inc ident  rays  of  t h e  sun ~ n d ,  thus,  t h e  
temperature cyc l ing  e f f e c t s  are minimized. Also, t he  an tenni  element w i l l  
withstand 100 watts of CW power, which is a good i nd ica t ion  t h a t  i t  w i l l  
withstand f a i r l y  high temperatures. 
cated from nylon, which is  an exce l l en t  ma te r i a l  for use on exteric 
surfaces  of spacecraf t  ( see  Sect ion 1I.F.) 
The antenna mounting bracket  i s  f a b r i -  
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I V  . CONCLUSIONS 
A number of genera l  c o w l u s i o n s  can be drawn from the  r e s u l t s  of t h i s  
The s c a l a r  technique of computing r a d i a t i o n  pa t t e rns  proved a 
usefu l  method f o r  l a r g e  beamwidth antennas mounted on l a r g e  
s t r u c t u r e s .  (The s c a l a r  technique i s  a iaw c o s t  computation 
rcethod as compared t o  the  moment method and the geometrical  
theory of d i f f r a c t i o n  (GTD) technique). 
Two-element a r r ays  o f  cavity-backed s p i r a l s  meet the r a d i a t i o n  
p a t t e r n  coverage cons idera t ions ,  whereas, t he  s o l a r  panels 
reduced the  coverage of the  two-element q u a d r i f i l a r  h e l i x  t o  an 
unacceptaLle l e v e l .  The q u a d r i f i l a r  h e l i x  has a 5-10 dB p a t t e r n  
taper  whereas the  s p i r a l  has  a 10-20 dB t a p e r .  The s p i r a l  a r r a y  
provides a ga in  g rea t e r  than -10 dBi ov3r 50 percent  of  a 47 
s t e rad ian  angle  . 
The coverage i s  increased S i g n i f i c a n t l y  i f  the ground s t a t i o n  
has  the  c a p a b i l i t y  to  change po la r i za t ion  from RHC t o  LHC or 
t o  e l l i p t i c a l  po la r i za t ion  (po la r i za t ion  d i v e r s i t y ) .  
The q u a d r i f i l a r  h e l i x  element had a bandwidth (VSWR 5 1.5: 1), 
less than 10 percent .  The cavity-backed s p i r a l  bandwidth is 
much g rea t e r  although the  VSWR i s  near 1 . 5 : l .  
a r r a y  of  cavity-backed s p i r a l s  was chosen because of  i t s  bandwidth 
and i t s  r a d i a t i o n  p a t t e r n  c h a r a c t e r i s t i c s .  
The s o l a r  panels produce more d i f f r a c t i o n  e f f e c t s  than shadowing 
e f f e c t s .  The o v e r a l l  r a d i a t i o n  pa t t e rn  coverage of the  two- 
element s p i r a l  a r r a y  was not  decreased s i g n i f i c a n t l y  by the 
s o l a r  pane ls .  The s o l a r  panels do not a f f e c t  system VSWR. 
Scale  model techniques have proved t o  be an e f f e c t i v e  method 
of ob ta in ing  r ad ia t ion  pa t t e rn  d a t a  from antennas mounted on 
la rge  bodies . 
It i s  recommended t h a t  a t  l e a s t  two ground s t a t i o n s  maintain 
communications with the s a t e l l i t e  during i t s  o r b i t  r a i s i n g  
The two-element 
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period. 
possess the capabil i ty  t o  change polarizations.  
I t  is strongly recomnended that the ground stat ions 
(8) The antennas are e s sent ia l ly  flush-mounted and thus the 30-cm 
ion engine exhausts should not a f f e c t  antenna operation. 
The antennas are mounted so that the connecting cables are 
accessible  external to the spacecraft. 
(9) 
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APPENDIX I 
Athena H and Apollo S-Band 
Omnidirectional Antenna Systems 
99 
S-BAND ANTENNA SYSTEMS 
A number of p e r t i n e n t  p u b l i s t A  a r t i c l e s  are l i s t e d  i n  the  
Bibliography, Sec t ion  V I .  A s  a sampling of these ,  consider t h e  following 
p a s t  e f f o r t s  t o  provide omnidirectional coverage a t  S-Band f requencies  
[ r e f .  51 .  
"The following paragraphs, n a r r a t i n g  the  h i s t o r y  of t he  antenna sys t em 
f o r  t h e  Athena H are presented t o  i l l u s t r a t e  t he  moral t h a t  when 
numbers of antennas are discussed, 'more is no t  necessa r i ly  b e t t e r . '  
I n  March 1969, Granger Associates,  then Dorne and Margolin, Inc., 
submitted a proposal t o  A t l a n t i c  Research Corporation o u t l i n i n g  a 
design f o r  t he  S-band antenna system f o r  t h e  Athena H Missile. 
A set  of s i x  s l an ted  monopoleelements arrayed c i r cumfe ren t i a l ly  
around t h e  missile w a s  proposed. The diameter of t h e  missile i n  the  
area a v a i l a b l e  f o r  antenna mounting was 40", o r  7.6X. 
would be fed t o  produce a phase r o t a t i o n  which would r e s u l t  i n  r i g h t  
hand c i r c u l a r  po la r i za t ion  i n  t h e  d i r e c t i o n  of veh ic l e  t r a v e l ,  and 
l e f t  hand c i r c u l a r  i n  the  oppos i te  d i r e c t i o n .  
time, t h a t  t h ree  of t h e  s ix  elements would be fed a t  a reduced power 
l e v e l  i n  an  attempt t o  lessen t h e  e f f e c t  of complete cance l l a t ion  i n  
c e r t a i n  d i r ec t ions .  
both f o r e  and a f t ,  i n  which the  amplitude and phase summation would 
r e s u l t  i n  c i r c u l a r  p o l a r i z a t i o n  of t h e  sense  oppos i te  t o  t h a t  des i r ed ,  
and so a p o l a r i z a t i o n  d i v e r s i t y  system a t  t h e  ground rece iv ing  s t a t i o n  
w a s  suggested. 
The elements 
It was thought, a t  the  
It w a s  p red ic t e  I ,  however-, t h a t  s e c t o r s  would remain, 
The six-element S-band sys tem produced a multilobed p a t t e r n ,  as ex- 
pected. 
with reduced power produced inconclusive results, however, mainly 
because the  changes i n  t h e  p a t t e r n s  were s l i g h t  and d i f f i c u l t  t o  
analyze as r e l a t i v e  power l e v e l s  were changed. It was then decided t o  
t r y  a three-element array, with the  s u r p r i s i n g  r e s u l t  t h a t  the  n u l l  
s t r u c t u r e  with only th ree  antennas was b e t t e r  than with s i x .  Coverage 
from the  s t a t i s t i c a l  o r  percentage-area poin t  of view, was a l s o  
improved. 
The attempt t o  reduce n u l l  depth by feeding a l t e r n a t e  elements 
The coverage of the  three-element sys tem was very good. The p a t t e r n s  
showed somewhat the  same gain i n  the  forward d i r e c t i o n  a s  i n  t h e  a f t  
d i r e c t i o n  with the major n u l l s  located i n  the r o l l  plane between 0 = 
80" t o  0 -  100". The c r i t i c a l  area where more coverage is prefer red  
i s  i n  the  forward cone, e =  0' t o  6 =  60" where the  veh ic l e  i s  acquired 
by t h e  down range rece iv ing  s t a t i o n  as the  veh ic l e  comes over t h e  
horizon. 
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The p o s s i b i l i t y  of obtaining adequate p a t t e r n  coverage wi th  h a l f  thc 
o r i g i n a l l y  contemplated number of  antenna elements w a s  very attract;se,  
f o r  t h i s  approach permitted two three-element antenna systems t o  be 
i n s t a l l e d  allowing 100 percent  redundancy of S-band telemetry with t h e  
use of two t r a n s m i t t e r s  and without t h e  need f o r  a d ip l exe r .  ( I t  is 
of i n t e r e s t  t o  note  t h a t  t h r e e  antennas and assoc ia ted  cables  and power 
d iv ider  weigh less, and c o s t  less, than a diplexer . )  Additional 
p a t t e r n s  were run f o r  t h e  R and D te lemetry antenna system, which is 
located forward where t h e  diameter of t h e  v e h i c l e  is 24". The inves- 
t i g a t i o n  here  s t a r t e d  with a three-element a r r a y  and ended with a two- 
element a r r ay .  
and was thus chosen. Thus, 'more i s  n o t  n e c e s s a r i l y  be t te r ' . "  
The two-element a r r a y  provided s u f f i c i e n t  coverage 
Also, consider t h e  Apollo S-band omnidirect ional  antenna system as taken 
from Reference 6 :  
"Pat terns  of t h e  Apollo S-band cmnidirect ional  antenna system were taken 
a t  t h e  NASA Manned Spacecraft  Center t o  he lp  e s t a b l i s h  t h e  s i g n a l  
s t rength  margins between t h e  Apollo spacecraf t  and t h e  Maqned Space 
F l i g h t  Network ground stations. 
provide two-way Doppler t racking,  and pseudorandom-noise ranging; up-link 
voice and up-data on t h e  spacecraf t  rece ive  frequency of 2106.4 
MHz; and down-link voice,  telemetry,  and d a t a  information on the  space- 
c r s f t  t ransmit  frequency of 2287.5 MHz. 
The func t ion  of t h e  antenna is  t o  
Patterns of a fu l l - sca le  model were taken t o  achieve g r e a t e r  accuracy 
and higher  r e l i a b i l i t y .  The four  omnidirectional antennas are f l u s h  
mounted on t h e  s i d e  of t h e  command module, which i s  covered with 
a b l a t i o n  material t o  keep t h e  i n t e r i o r  of t h e  vehic le  cccl enough so 
t h a t  the t h r e e  a s t r o n a u t s  w i l l  survive t h e  hea t  of reentry.  
p a t t e r n s  were f i r s t  taken using a 1/3-scale model, t h e  a h l a t i m i  
material t h a t  consis ted of p l a s t i c s  and r e s i n s  could not  le r e l i a b l y  
sca led  with respec t  t o  t h e  l o s s  tangent and d i e l e c t r i c  constant .  In  
addi t ion,  t he  d i f f i c u l t y  i n  obtaining mechanical to le rances  r e s u l t e d  i n  
s i g n i f i c a n t  p a t t e r n  e r r o r s .  
t i o n  material i n  t h e  uncharred and charred condi t ions,  s i n c e  communica- 
t i o n  i s  required both before  and a f t e r  reentry.  
Khen 
Full-scale d a t a  were measured with abla- 
The following spacecraf t  configurat ions were 
t e s t ed :  
(1) Command module (CM) 
(2) Command and s e r v i c e  module (CSM) 
(3) CSM/lunar module (LM) ascent  s t a g e  only (docked) 
(4) CMS and LM (docked) 
The four antennas which ., re tested are quartz-embedded, cavity-backed 
h e l i c e s  maniifactured by i scom, Inc. ,  Division of L i t t n n  Indus t r i e s .  
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The antenna is  covered with a b l a t i v e  material 0.7 inches th i ck .  
The four  antennas a;e loca ted  a t  t h e  maximum radius  poin t  of tho CM a t  
s t a t i o n  X = 20.766 inches f o r  r o l l  q o s i t i o n  of 0 = 45O, 9 = 135', 0 = 
225" and @= 315'. 
@ = 135' and 9 = 225', near the p o s i t i v e  Z-axis of the Spacecraf t .  
The cold-side antennas are f lu sh  mounted with the  sur face  of the a b l a t o r  
and are located a t  (0 = 45' and $= 315'. To s imulate  the  d i e l e c t r i c  
e f f e c t s  of t he  a b l a t o r ,  a special cork material was used. 
p rope r t i e s  of t h e  hea t  s h i e l d  a t  S-band are 6 = 1.85 and t an  6 = 0.022. 
The e n t i r e  M, except  f o r  a 7.5-inch rad ius  c f r c l e  around each of t he  
two hot-side antennas,  i s  covered with a conductive coat ing.  Aluminum 
f o i l  was used t o  s imulate  t h e  conductive coa t ing  on the  CM.  
The recessed o r  hot-s ide antennas a r e  located a t  
The d i e l e c t r i c  
In  measuring t h e  r a d i a t i o n  p a t t e r n s  f o r  var ious  spacecraf t  o r i e n t a t i o n s ,  
conica l  p a t t e r n s  were obtained by r o l l i n g  the  spacecraf t  about t he  X- 
a x i s  (@-variat ion)  f o r  f ixed aximuth values  of 8 .  The r e s u l t s  of 
t h e  measurements f o r  t he  C S M  configurat ion are shown i n  the p a r t i a l  
contour p a t t e r n  of Figure 60. 
enclose an area which has  an absolu te  ga in  equal  t o  o r  g rea t e r  than 
the  contour l e v e l  spec i f i ed  referenced t o  a r igh t - c i r cu la r ly  polar ized  
i s o t r o p i c  source. From the  p a t t e r n ,  i t  i s  noted t h a t  the main beam 
occurs near the axis of the  antenna around t h e  f3= 90' and 9 = 135' area 
and where the  gain i s  3.6 t o  6.6 dec ibe ls .  The approximate covzragp 
from t h i s  antenna is i n  t h e  second quadrant and ranges from Q,= 90' 
t o  Q, = 180'. I n  t h i s  region,  the worst-case l e v e l  i n  the nose re,niL . 
i s  near the  p o s i t i v e  X-axis and is  seen t o  be -6.4 dec ibe ls .  In  the 
t a i l  region near t h e  nega t ive  X-axis, the  worst  case gain is -16.4 
decibels .  The pa t t e rns  f o r  t he  o the r  conf igura t ions  t e s t e d  are s i m i l a r  
t o  the  one i n  Figure 60, except t h a t  t he  ga ins  i n  the  nose and t a i l  
regions are a f f ec t ed  by the  changes i n  module shadowing. For example, 
with the  complete LM a t tached  t o  the  nose of the  CM, t h e  lowest l e v e l  
near  t he  pos i t i ve  X-axis is reduced t o  -21 dec ibe ls .  
The contour l e v e l s  on the  p a t t e r n  
The attachment of t he  S M  t o  the  CM causes a reduction of 12 .4  dec!.bels 
i n  the  l e v e l  near the negat ive X-axis ( t a i l )  from -4 dec ibe ls  without 
t he  SM t o  -16.4 dec ibe ls  with the  SM."(The e f f e c t s  of vehic le  shadowing 
to  t h e  ga ins  are given i n  Table VI.) 
After a review of o the r  r epor t s  s imi l a r  t o  the Athena H antenna and the 
Apullo antenna, i t  was decided thhL i t  would be appropriate  t o  inves t iga t e  
a number of two-element and four-element a r r ays  f o r  the SERT-C s a t e l l i t e .  
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Table V I  
S W Y  OF MEALJRED GAINS 
FOR ANTENNA LOCATED AT @ - 135" 
[Spacecraft Transmit Frequency = 2287.5 MHz] 
CSM/LM 
ascent 
CM stage 
Gaina ONLY C C M  only CSM/LM 
Maximurn- 
main beam 6 . 0  6 .6  6 .4  6 .O 
Worst case - nose 
(posf t ive  X-axis) -5.0 -6 .4  -9 .6 -21 
Worst case - t a i l  
(negative X-axis) -4.0 -16.4 -16.6 -16 
8" . -, gains are i n  decibels and are referenced to  a perfect right- 
zi;cularly polarized isotropic level.  
$I - Degrees 
Figure 60. Representative CSN Pattern. 
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APPENDIX I1 
Calculated Radiation Pattern Coverage 
for 2-and 4-Element Arrays With/Without Soiar Panels 
P&WiDING PAGE BLANK NOT FILMED. 
105 

" 0  
Figure 62. Calculated radiatioil pattern from a 1 element array 
The elements have located on t h e  SERT-C s a t e l l i t e .  
a 20 dB taper 90 away from boresight. The elements 
have 8 - 4 pointing directions of (90,90) .  Solar 
panel blockage was included. 
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W 
9 
Figure 68. Calculated radiation pattern from a 4 element array 
located on thg SERT-C s a t e l l i t e ,  
5 dB taper 90 away from boreslght. The elements have 
e - pointing directions of (90, 45), (90, 135), (90, 225) 
and (90, 315). Solar panel blockage was not included. 
The elements have a 
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APPENDIX I11 
Polar Plots  of 2 S p i r a l  Array Radiation Patterns 
With/Without Solar Panels, RHCP and LHCP. 
(Full-scale Dimensions Reduced by Factor of 4 .1: l ;  
Patterns Made with SERT-C Scale Model 
T e s t  Frequency = 9 . 2  GHz).  
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